Introduction
============

Carbon quantum dots (CQDs), as a new type of fluorescent nanomaterial, have attracted tremendous interest in biomedical imaging and tumor diagnosis due to their bright fluorescence, good hydrophilicity and biocompatibility, tunable photoluminescence, and low toxicity compared with conventional organic dyes and semiconductor QDs.[@b1-ijn-12-7375]--[@b3-ijn-12-7375] In the last decade, a variety of CQDs have been synthesized by two main methods: "top-down" and "bottom-up".[@b4-ijn-12-7375] Among them, hydrothermal treatment of natural precursors is a low-cost and convenient route to prepare CQDs.[@b5-ijn-12-7375]--[@b9-ijn-12-7375] However, most reported CQDs have a relatively low fluorescence quantum yield in comparison to inorganic semiconductor quantum dots.[@b10-ijn-12-7375]--[@b13-ijn-12-7375] To improve the fluorescent properties of CQDs, two kinds of modifications including surface functionalization and heteroatom doping were proposed.[@b14-ijn-12-7375]--[@b16-ijn-12-7375] In 2006, Sun et al first proved that surface passivation of CQDs with poly(ethylene) glycol diamine can remarkably enhance their fluorescence quantum yields.[@b17-ijn-12-7375]--[@b20-ijn-12-7375] More recently, heteroatom-doped CQDs have attracted much attention, as they can effectively modulate the intrinsic properties of CQDs, such as electronic characteristics and local surface chemical features, and sometimes may provide CQDs with additional properties.[@b21-ijn-12-7375],[@b22-ijn-12-7375] For example, N-, B-, P-, S-, or Si-doped CQDs could improve the optical properties of pure CQDs.[@b23-ijn-12-7375]--[@b29-ijn-12-7375] Lanthanide-doped CQDs can act as new probes with near infra-red fluorescence or fluorescence/magnetic resonance dual response.[@b30-ijn-12-7375]--[@b33-ijn-12-7375] However, the development of functional CQDs doped with transition metal using fixed metal complexes as precursors is yet to be reported.[@b34-ijn-12-7375]--[@b36-ijn-12-7375]

Tetraphenylporphyrin (TPP) is the simplest tetrapyrrole, which could easily chelate with various transition metals such as Pd, Pt, Fe, Co, and so on. Using TPP or its metal complexes as precursor, a flaky graphite structure could be easily formed due to their planar geometries. Herein, the new N-rich metal-free CQDs or metal-doped CQDs (M-CQDs) with bright luminescence were prepared by a facile one-pot hydrothermal method using TPP or its Pd(II) or Pt(II) complex as a carbon precursor. Their structures and morphology were unambiguously demonstrated by high-resolution transmission electron microscopy (HRTEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and Fourier transform infrared (FTIR) spectra. Three kinds of nanocomposites show similar structures except for the presence of metal ions in Pd-CQD and Pt-CQD indicated by XPS spectra. Moreover, the CQDs and M-CQDs as fluorescent sensors for the detection of Fe^3+^ were fully investigated. Finally, the cytotoxicity and biocompatibility of CQDs and the application of CQDs as efficient probes for multicolor bioimaging and fluorescence sensors for the detection of Fe^3+^ ions were studied.

Materials and methods
=====================

Materials and instruments
-------------------------

TPP and its metal complexes of Pd(II)TPP and Pt(II)TPP were synthesized in the laboratory. All chemicals were used as received without any further purification. FTIR spectra were recorded on a Bruker Vertex 70 spectrometer. XPS was performed using an SKL-12 spectrometer modified with a VG CLAM 4 multichannel hemispherical analyzer. Photo-luminescence (PL) spectra were recorded on a Perkin-Elmer LS 55 spectrofluorometer. The electronic absorption spectra in the ultraviolet/visible (UV/vis) region were recorded with a Hewlett Packard 8453 UV/vis spectrophotometer. TEM analyses were performed on an FEI-Tecnai G2 S-Twin TEM, operating at an acceleration voltage of 200 kV. X-ray powder diffraction measurements were investigated using a Bruker D8 Advance diffractometer through nonmonochromatic Cu Kα X-ray at 40 kV, 40 mA.

Preparation of CQDs and M-CQDs
------------------------------

The proposed formation procedure of CQDs and M-CQDs is shown in [Figure 1](#f1-ijn-12-7375){ref-type="fig"}. Briefly, 0.25 g of TPP or its metal complex (Pd\[II\]TPP or Pt\[II\]TPP), five drops of concentrated nitric acid, and 0.5 mL of 1,2-ethanediamine (EDA) were dissolved in a 25 mL beaker with 10 mL ethanol. After ultrasonic mixing for 15 min, the homogeneous solution was transferred to an autoclave and then heated at 250°C for 20 h. The solution was purified in a centrifuge for 30 min to remove agglomerated particles, and then dialyzed against deionized (DI) water for 2 days. The aqueous solution of CQDs and M-CQDs was lyophilized at 4°C to yield the desired product.

The calculation of quantum yields of CQDs and M-CQDs
----------------------------------------------------

The quantum yield of CQDs was measured with quinine sulfate as the reference (0.1 M H~2~SO~4~ aqueous solution, fluorescent quantum yield \~54%) by the following equation: $$\Phi = \Phi_{\text{st}}(I/I_{\text{st}}){(\eta/\eta_{\text{st}})}^{2}$$where Φ is the fluorescence quantum yield, I is the slope of curves, and η is the refractive index of solvent. The subscript "st" refers to the reference of known quantum yield (quinine sulfate in 0.1 M H~2~SO~4~). Absorption was kept below 0.1 at an excitation wavelength of 360 nm to minimize reabsorption.

Metal ion detection of CQDs and M-CQDs
--------------------------------------

For the detection of various metal ions, FeCl~3~, AgNO~3~, CuCl~2~, CaCl~2~, ZnCl~2~, CoCl~2~, Hg(NO~3~)~2~, MgCl~2~, AlCl~3~, MnCl~2~, PbCl~2~, FeCl~2~, and NiCl~2~ were used as various ion sources. All chemicals were used as received without further purification. CQDs or M-CQDs solution (50 μg/mL, 3 mL) was added to the solutions containing a calculated amount of ions. The PL spectra were recorded after reaction for 5 s. The excitation wavelength was fixed at 380 nm for all the PL spectra.

Fe^3+^ ion detection of CQDs and M-CQDs
---------------------------------------

At room temperature, 3 mL aqueous solution of CQDs or M-CQDs (50 μg/mL) was added with different concentrations of Fe^3+^ (0, 5, 10, 20, 40, 60, 80, 100, 120, and 140 μM) for 2 min. The fluorescence spectra were recorded at an excitation wavelength of 380 nm in 5 min.

Cytotoxicity assay of CQDs
--------------------------

Human cervical cancer cells (HeLa) were purchased from Cell Bank, Chinese Academy of Sciences (Shanghai, People's Republic of China). HeLa cells (6×10^3^ cells per well) were seeded in 96-well plates and incubated at 37°C in a humidified 5% CO~2~ atmosphere. After 24 h, the cells were exposed to CQDs with different concentrations (0--1 mg/mL) and further incubated for 24 h. The cells were rinsed with PBS (pH 7.4) and treated with 20 μL MTT (5 mg/mL, in fresh medium), and then incubated for another 4 h. The formazan crystals formed were dissolved in dimethyl sulfoxide (DMSO). The optical absorbance of each solution at 570 nm was measured to calculate the cell viability values.

Bioimaging applications of CQDs
-------------------------------

Cellular imaging was evaluated using a confocal laser scanning microscope. HeLa cells (5×10^4^ cells per well) were seeded in six-well culture plates and allowed to adhere for 24 h. The cells were then treated with CQDs (0.5 mg/mL) at 37°C for 1 h. After that, the supernatant was carefully removed and the cells were washed three times with PBS. Subsequently, the slides were mounted and observed using a confocal microscope (Zeiss laser scanning confocal microscope, LSM7 DUO; Carl Zeiss Meditec AG, Jena, Germany) using ZEN 2009 software (Carl Zeiss Meditec AG).

Results and discussion
======================

Preparation of CQDs and M-CQDs
------------------------------

TPP and its metal complexes of Pd(II)TPP and Pt(II)TPP were synthesized according to the routine method. CQDs or M-CQDs were prepared by a facile one-pot hydrothermal method of the related porphyrins in the presence of concentrated nitric acid and EDA at 250°C for 20 h. When the temperature is lower than 200°C, it is hard to carbonize porphyrins to form CQDs. On the other hand, when the temperature is higher than 250°C, the carbonization degree is too high to form CQDs or M-CQDs in the nanoscale, resulting instead in powders on the microscale. The as-prepared CQDs and M-CQDs were well dispersed in water and presented strong blue fluorescence.

TEM characterization
--------------------

As shown in [Figure 2](#f2-ijn-12-7375){ref-type="fig"}, the TEM images confirmed the formation of CQDs, and the as-synthesized colorless CQDs and M-CQDs have a relatively narrow size distribution ranging from 2 to 4 nm with the average diameter around 3 nm. The average size of CQDs was 2.7 nm ([Figure 2A](#f2-ijn-12-7375){ref-type="fig"}), which was slightly smaller than that of M-CQDs ([Figure 2B and C](#f2-ijn-12-7375){ref-type="fig"}). The HRTEM images (inset of [Figure 2](#f2-ijn-12-7375){ref-type="fig"}) indicate the high crystallinity of CQDs and M-CQDs with the lattice spacing around 0.21 nm, which agrees well with that the (100) facet of graphite.[@b17-ijn-12-7375]

XRD characterization
--------------------

The XRD profiles in [Figure 3A](#f3-ijn-12-7375){ref-type="fig"} show that the CQDs and M-CQDs have single broad diffraction peaks centered around 21°, which is attributed to the (002) lattice spacing of carbon-based materials with amorphous nature.[@b33-ijn-12-7375]

FTIR characterization
---------------------

The functional groups of the CQDs and M-CQDs were characterized by FTIR spectroscopy. As shown in [Figure 3B](#f3-ijn-12-7375){ref-type="fig"}, the peaks around 3,429 cm^−1^ could be ascribed to the stretching vibrations of --OH, whereas the peaks around 1,658 cm^−1^ indicate the existence of carbonyl (C=O). The results confirm that the CQDs are functionalized with oxygen containing groups such as carboxyl, epoxyl, and hydroxyl.[@b37-ijn-12-7375] The absorption peak at 1,512 cm^−1^ can be attributed to the C=C stretching vibrations. The peak at 3,015 cm^−1^ comes from the stretching vibration of N--H in CQDs.[@b38-ijn-12-7375] The peak at 1,036 cm^−1^ originates from the C--O--C stretching vibration. The bimodal stretching vibration peak of --NH lies at 3,015 cm^−1^ and the characteristic absorption bands of the C-N stretching vibration lie at 1,381 cm^−1^, which indicate the presence of N element on the surface of CQDs and M-CQDs. All these functional groups contribute to the excellent aqueous solubility of CQDs.

XPS characterization
--------------------

The composition of the CQDs and M-CQDs was characterized by XPS. The survey XPS spectrum of CQDs in [Figure 4A](#f4-ijn-12-7375){ref-type="fig"} clearly shows three peaks at 284.58, 400.75, and 531.34 eV, for C 1s, N 1s, and O 1s, respectively.[@b18-ijn-12-7375] A high-resolution XPS spectrum of C 1s ([Figure 4B](#f4-ijn-12-7375){ref-type="fig"}) provides proof for the presence of C--C/C=C (sp^3^, 284.5 eV), C--N/C--O (sp^3^, 285.8 eV), and C=O--N (sp^2^, 288.2 eV) bonds. The N 1s spectrum of CQDs ([Figure 4C](#f4-ijn-12-7375){ref-type="fig"}) shows two peaks at 399.5 and 403.8 eV which can be attributed to the C--N--C and N--C bond of amide linkage, respectively. The two fitted peaks at 531.9 and 533.4 eV in O 1s spectrum ([Figure S1](#SD1-ijn-12-7375){ref-type="supplementary-material"}) can be assigned to C=O and C--OH/C--O--C groups, respectively. The XPS analysis clearly indicates the presence of oxygen-containing groups in the as-prepared CQDs, such as --COOH, --OH, --C--N, and so on, which is in good agreement with the FTIR spectrum. Moreover, the XPS survey spectra of Pd-CQDs ([Figure 4D](#f4-ijn-12-7375){ref-type="fig"}) indicates the presence of C, N, O and Pd elements, which is further validated by their high-resolution XPS spectrum ([Figure 4E and F](#f4-ijn-12-7375){ref-type="fig"}). The high-resolution spectrum of Pd 3d ([Figure 4F](#f4-ijn-12-7375){ref-type="fig"}) is split into two peaks centered at 337.6 eV (Pd 3d~5/2~) and 342.9 eV (Pd 3d~3/2~), respectively. Pt-CQDs shows the similar XPS spectra ([Figure 4G--I](#f4-ijn-12-7375){ref-type="fig"}) with that of Pd-CQDs. The spectrum of Pt 4f ([Figure 4I](#f4-ijn-12-7375){ref-type="fig"}) also shows two peaks at 72.8 eV (Pt 4f~7/2~) and 77.1 eV (Pt 4f~5/2~), indicating the divalent state of metal in M-CQDs.[@b39-ijn-12-7375],[@b40-ijn-12-7375] The Pd and Pt metal content in the corresponding M-CQDs is measured to be 3.5% and 2.6%, respectively. The XPS spectrum clearly demonstrated that the metals (Pd or Pt) have been successfully embedded into the CQDs through the hydrothermal treatment of related metal complex of TPP.

NMR characterization
--------------------

Moreover, nuclear magnetic resonance (NMR) spectroscopy (^1^H and ^13^C) of CQDs was employed to distinguish sp^3^-hybridized carbon atoms from sp^2^-hybridized carbon atoms. As shown in [Figure 5](#f5-ijn-12-7375){ref-type="fig"}, sp^2^ carbons were detected in the ^1^H NMR spectrum. In the ^13^C NMR spectrum, signals in the range of 10--45 ppm, which correspond to aliphatic (sp^3^) carbon atoms, and signals from 160--180 ppm, which are indicative of aromatic (sp^2^) carbon atoms, were observed.[@b6-ijn-12-7375]

Photophysical properties
------------------------

Similar to other CQDs reported in literature,[@b41-ijn-12-7375]--[@b43-ijn-12-7375] the as-prepared CQDs and M-CQDs in aqueous solution exhibited strong luminescence. [Figures 6A](#f6-ijn-12-7375){ref-type="fig"}, [S2](#SD2-ijn-12-7375){ref-type="supplementary-material"}, and [S3](#SD3-ijn-12-7375){ref-type="supplementary-material"} show the UV-vis absorption, PL spectra, and excitation spectrum of the CQDs and M-CQDs in aqueous solution, respectively. The UV-vis absorption spectrum of the CQDs exhibits a strong absorption below 300 nm with maximum peak at \~220 nm, which is mainly attributed to the π--π\* transitions of aromatic sp^2^ domains. Moreover, a weak absorption tail between 300 and 400 nm was also observed, attributable to the n--π\* transitions of heteroatom (N and O)-containing bonds.

The PL with a peak around 460 nm was observed for the aqueous dispersion of CQDs under excitation at 360 nm, which corresponded to the visible blue colour under UV illumination (365 nm) as shown in the digital picture (inset, [Figure 6A](#f6-ijn-12-7375){ref-type="fig"}). Additionally, the maximum PL wavelengths of CQDs, Pd-CQDs, and Pt-CQDs are considerably dependent on the excitation wavelengths, as shown in [Figure 6B--D](#f6-ijn-12-7375){ref-type="fig"}. As the excitation wavelength gradually increases from 260 to 440 nm, the maximum PL wavelength of CQDs shifts from 432 to 514 nm. This property should be of great interest for multicolour imaging applications at cellular environment.[@b19-ijn-12-7375],[@b44-ijn-12-7375] Using quinine sulfate (quantum yield =54%) as the reference, the quantum yield of CQDs, Pd-CQDs, and Pt-CQDs were calculated to be 10.1%, 17.8%, and 15.2%, respectively ([Figure S4](#SD4-ijn-12-7375){ref-type="supplementary-material"}).

To further investigate the molecular state of CQDs and M-CQDs, the solvent-dependent behavior was tested in tetrahydrofuran, acetone, alcohol, dimethylformamide, and so on. As shown in [Figures 6E](#f6-ijn-12-7375){ref-type="fig"} and [S5](#SD5-ijn-12-7375){ref-type="supplementary-material"}, the CQDs and M-CQDs (0.01 mg/mL) in DMSO have the largest fluorescence intensity, followed sequentially by dimethylformamide, C~2~H~5~OH (CH~3~CN), CH~3~COCH~3~, H~2~O, and tetrahydrofuran. Next, the fluorescent stability of CQDs and M-CQDs in aqueous solution was investigated. As revealed in [Figures 6F](#f6-ijn-12-7375){ref-type="fig"} and [S6](#SD6-ijn-12-7375){ref-type="supplementary-material"}, the PL intensity of CQD and M-CQD solutions at 460 nm did not show any significant change as the pH value changed from 2.2 to 8.2, and it decreased sharply in strong base aqueous solutions with the pH value ranging from 8.2 to 10. This feature of CQDs is beneficial for their bioimaging applications, considering that a physiological environment has in general a pH value of 7--8. The stability of CQDs is of great importance for the practical applications. As shown in [Figures 6G](#f6-ijn-12-7375){ref-type="fig"} and [S7](#SD7-ijn-12-7375){ref-type="supplementary-material"}, the fluorescence intensity of CQDs and M-CQDs in a set of NaCl solutions with different concentrations was measured. Even in a solution with salt concentration higher than 1.25 M, the fluorescence intensity of CQDs and M-CQDs was still comparable with that in DI water, indicative of the superior colloidal stability.[@b45-ijn-12-7375] The negligible fluorescence fluctuation over a broad range of salt concentrations demonstrates that the CQDs and M-CQDs are suitable for biological imaging applications. Furthermore, the CQDs and M-CQDs show excellent photostability, as shown in [Figures 6H](#f6-ijn-12-7375){ref-type="fig"} and [S8](#SD8-ijn-12-7375){ref-type="supplementary-material"}. The PL intensity of CQDs and M-CQDs did not change significantly even after a continuous irradiation under a 500 W xenon lamp for durations up to 75 min. In contrast, under the same irradiation condition, the PL intensity of the commercial organic dye (fluorescein) decreased to only 37% of its original value, suggesting superior photostability of CQDs compared to that of fluorescein.

Self-absorption quenching is often observed in fluorescent materials, including carbon-based materials. The concentration-dependent PL behavior was measured to investigate collisional quenching in the CQDs and M-CQDs. From the concentration-dependent PL spectrum shown in [Figures 6I](#f6-ijn-12-7375){ref-type="fig"} and [S9](#SD9-ijn-12-7375){ref-type="supplementary-material"}, the PL intensity decreased at too high or too low concentration, and the optimal concentration was about 0.6 mg mL^−1^. When the concentration was high enough, collisional quenching occurred and the PL intensity decreased. In addition, high optical density or turbidity can also result in decreased PL intensity. The concentration of CQDs and M-CQDs used should be carefully determined for investigating the PL mechanism and practical applications.

The ion sensing of CQDs
-----------------------

Typically, the oxygen functional groups on the surfaces of CQDs contribute not only to water solubility, but also to their strong interaction with metal ions. Accordingly, the impact of different metal ions (all at 50 μM) including Ca^2+^, Fe^3+^, Hg^2+^, Na^+^, Mg^2+^, Mn^2+^, K^+^, Fe^2+^, Co^2+^, Ni^2+^, Al^3+^, Cu^2+^, Pb^2+^, and Zn^2+^ on the PL intensity of CQDs and M-CQDs was studied ([Figure 7A](#f7-ijn-12-7375){ref-type="fig"}). As shown in [Figures 7B](#f7-ijn-12-7375){ref-type="fig"} and [S10](#SD10-ijn-12-7375){ref-type="supplementary-material"}, the fluorescence intensities of CQDs were significantly decreased in the presence of Fe^3+^, while the other ions displayed weak or even negligible effects on their fluorescence intensities. These observations indicate that the fluorescence of CQDs and M-CQDs show selective response to Fe^3+^ and therefore could be used for the assay of Fe^3+^.

As shown in [Figure 7C](#f7-ijn-12-7375){ref-type="fig"}, when Fe^3+^ with concentration ranging from 0 to 140 μM was added to the as-prepared CQDs aqueous solution sequentially, the fluorescence intensity of CQDs at 460 nm gradually decreased. Accordingly, the color of CQDs changed from bright blue-green to faint blue-green under UV irradiation (the inset of [Figure 7C](#f7-ijn-12-7375){ref-type="fig"}). [Figure 7D](#f7-ijn-12-7375){ref-type="fig"} presents the relationship between the concentration of Fe^3+^ and the fluorescent quenching factors (F~0~--F)/F~0~ in the range of 0 to 150 mM, where F~0~ and F indicate the fluorescence intensities of CQDs at 460 nm in the absence and presence of Fe^3+^. The inset of [Figure 7E](#f7-ijn-12-7375){ref-type="fig"} shows that the (F~0~--F)/F~0~ has a good linear relationship with the concentration of Fe^3+^ in the range of 0--20 μM, and the linear regression equation is (F~0~--F)/F~0~ =0.04748+0.03418C with a correlation coefficient of 0.991, where C is the concentration of Fe^3+^ (μM). The limit of detection for Fe^3+^ was figured out to be 3.7 μM (=3S/N, where S is the standard deviation and N is the slope of the linear response region at low concentrations less than 20 μm), which is comparable to the sensitivity reported in some previous reports.[@b46-ijn-12-7375],[@b47-ijn-12-7375] The high sensitivity together with the high selectivity for Fe^3+^ makes the CQDs a promising fluorescent sensing platform for the highly efficient detection of Fe^3+^.

In addition, the selectivity toward Fe^3+^ was also ascertained by the competition experiment. As shown in [Figure S11](#SD11-ijn-12-7375){ref-type="supplementary-material"}, 50 μg/mL of CQD solution was treated with 30 μM Fe^3+^ in the presence of 100 μM concentration of other metal ions. Low interference was observed for the detection of Fe^3+^ in the presence of other ions. Thus, CQDs can be used as a selective fluorescent sensor toward Fe^3+^ in the presence of most competing ions. The high selectivity could be ascribed to the strong coordination between Fe^3+^ and the phenolic hydroxyl groups on the surface of CQDs.[@b48-ijn-12-7375] The electrons in the excited state of CQDs are then transferred to the half-filled 3d orbitals of Fe^3+^, facilitating the nonradiative electron/hole recombination and resulting in significant fluorescence quenching. To prove our speculation, time-correlated single photon counting method was used to analyze the charge transfer in the exciton recombination process of CQDs with and without Fe^3+^. As shown in [Figure 7F](#f7-ijn-12-7375){ref-type="fig"}, the average lifetime of CQDs was decreased from 9.17 to 5.34 ns with the addition of 50 μM Fe^3+^ to the CQDs solution. The significantly reduced lifetime indicates the occurrence of dynamic quenching and confirms that the electron transfer between Fe^3+^ and CQDs contributes to the fluorescence quenching.[@b43-ijn-12-7375],[@b49-ijn-12-7375]

MTT test
--------

In order to evaluate the compatibility between cells and CQDs, a cytotoxicity study was carried out with a standard MTT assay using HeLa cells. We chose the reaction time of 24 h to observe cell viability as a function of CQD concentrations (0, 0.031, 0.062, 0.125, 0.25, 0.5, and 1 mg/mL). As shown in [Figure 8](#f8-ijn-12-7375){ref-type="fig"}, the CQDs exhibit very low cytotoxicity, ie, viability of over 90% at a concentration of 0.25 mg/mL after 24 h incubation. The viability of cells was over 85% even when the concentration of CQDs was elevated to 1 mg/mL. The results demonstrate that the CQDs have good biocompatibility and low toxicity toward HeLa cells.[@b48-ijn-12-7375] The low cytotoxicity confirms the suitability of the fluorescent CQDs for bioimaging applications.

Bioimaging applications
-----------------------

Considering the facile procedure and intriguingly strong PL of the CQDs, it becomes worthwhile to investigate whether CQDs can be utilized as imaging probes for living cell imaging. As shown in [Figure 9](#f9-ijn-12-7375){ref-type="fig"}, the HeLa cells treated with 0.2 mg/mL of CQDs exhibit blue ([Figure 9B](#f9-ijn-12-7375){ref-type="fig"}), green ([Figure 9C](#f9-ijn-12-7375){ref-type="fig"}), and red ([Figure 9D](#f9-ijn-12-7375){ref-type="fig"}) colors under 405 nm, 458 nm, and 514 nm excitation, respectively, which is consistent with the excitation-dependent PL behavior of the CQDs. Moreover, the CQDs were observed to be distributed mainly over the cell cytoplasm, and the nucleus displayed very weak emission signals. This result coincides with previous reports that CQDs were able to stain both the cytoplasm and cell membrane but it was difficult to label the nucleus.[@b5-ijn-12-7375] Thus, the CQDs were suggested to be internalized into the cells through endocytosis, similar to other CQDs reported previously.[@b19-ijn-12-7375] Besides, it was found that the fluorescence intensity of CQDs in cancer cells considerably decreased after treatment with Fe^3+^ metal ions, indicating that Fe^3+^ ions effectively quench fluorescence intensity of CQDs in cancer cells. This result demonstrates that the synthesized CQDs have good biocompatibility and are suitable for the detection of metal ions in living cells.

Conclusion
==========

In summary, a facile method has been developed to prepare bright luminescent N-rich metal-free and metal-doped CQDs by hydrothermal reactions using TPP and its metal complexes as the precursors. Their aqueous solutions emit bright blue light under UV irradiation, and the PL wavelength was red-shifted under excitation with longer wavelengths. Moreover, the CQDs and M-CQDs could serve as fluorescent probes for the highly sensitive and selective detection of Fe^3+^ ions in aqueous solution. The low cytotoxicity of CQDs is demonstrated by MTT assay against HeLa cells. Therefore, the CQDs can be used as efficient probes for cellular multicolor imaging and fluorescence sensors for the detection of Fe^3+^ ions due to their low toxicity, excellent biocompatibility, and low detection limits. This work provides a new route to synthesize highly luminescent N-rich metal-free or metal-doped CQDs for multifunctional applications.
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![TEM images (left) and corresponding size distribution histograms (right) of (**A**) CQDs, (**B**) Pd-CQDs, and (**C**) Pt-CQDs.\
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![(**A**) XRD patterns and (**B**) FTIR spectra of CQDs, Pd-CQDs, and Pt-CQDs.\
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![XPS spectra of CQDs (**A**--**C**), Pd-CQDs (**D**--**F**), and Pt-CQDs (**G**--**I**).\
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![^1^H and ^13^C NMR spectrum of CQDs in D~2~O.\
**Abbreviations:** CQDs, carbon quantum dots; NMR, nuclear magnetic resonance; D~2~O, heavy water.](ijn-12-7375Fig5){#f5-ijn-12-7375}

![(**A**) UV-vis absorption, excitation, and fluorescence spectra of CQDs (the right inset is the photograph of CQDs under 365 nm excitation in comparison to the blank control \[left inset\]); Fluorescence spectra of (**B**) CQDs, (**C**) Pd-CQDs, and (**D**) Pt-CQDs with different excitation wavelengths; (**E**) fluorescence spectra of CQDs in various solvents; (**F**) effect of pH value on the PL intensity of the CQDs aqueous solution at 460 nm; (**G**) effect of concentration of NaCl on the PL intensity of the CQDs aqueous solution at 460 nm; (**H**) comparison on the photobleaching characteristics of CQDs and fluorescein (the samples were continuously irradiated using a 500 W xenon lamp and the fluorescence intensity was normalized); (**I**) concentration-dependent behavior of CQDs in aqueous solution.\
**Abbreviations:** UV, ultraviolet; vis, visible; CQDs, carbon quantum dots; PL, photoluminescence; DMF, dimethylformamide; THF, tetrahydrofuran.](ijn-12-7375Fig6){#f6-ijn-12-7375}

![(**A**) PL spectra of CQDs aqueous solutions in the presence of different metal ions (the concentration of different metal ions is 50 μM); (**B**) the different PL intensity ratios (F/F~0~) of the CQD solutions in the presence and absence of various metal ions; (**C**) fluorescence spectra of CQDs (50 μg/mL) with different concentrations of Fe^3+^ (from 0 to 140 μM) (the inset shows photographs of CQDs in the presence of 0 μM and 50 μM Fe^3+^ under UV irradiation); (**D**) the dependence of PL intensity on the concentration of Fe^3+^ ions within the range of 0--160 μM; (**E**) the linear relationship between the PL intensity and Fe^3+^ concentration; (**F**) fluorescence lifetime of CQDs in the presence (red) and absence (black) of Fe^3+^.\
**Abbreviations:** CQDs, carbon quantum dots; PL, photoluminescence; UV, ultraviolet.](ijn-12-7375Fig7){#f7-ijn-12-7375}

![Cell viability values (%) estimated by MTT assay versus incubation concentrations of CQDs (0, 15.63, 31.25, 62.5, 125, 250, 500, and 1,000 μg/mL) at 37°C for 24 h.\
**Abbreviation:** CQDs, carbon quantum dots.](ijn-12-7375Fig8){#f8-ijn-12-7375}

![The confocal fluorescence microscopy images of HeLa cells treated with 0.2 mg/mL CQDs for 4 h, (**A**--**D**) in the absence of Fe^3+^ and (**E**--**H**) in the presence of Fe^3+^ (100 μM). Images were taken under (**A**, **E**) a bright-field, (**B**, **F**) 405 nm excitation, (**C**, **G**) 458 nm excitation, and (**D**, **H**) 514 nm excitation. Scale bar =20 μm.\
**Abbreviations:** CQDs, carbon quantum dots; HeLa, human cervical cancer cells.](ijn-12-7375Fig9){#f9-ijn-12-7375}
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